Introduction {#S0001}
============

Colorectal cancer (CRC) is one of the most lethal and common malignancies diagnosed and is currently the second leading cause of cancer-related death worldwide.[@CIT0001] The published research studies suggest that the incidence of CRC continues to increase, which might be related to the increasing obesity rate.[@CIT0002] Despite the development of early diagnostic methods and molecular targeted therapy, the mortality rate remains significant.[@CIT0003] In addition, distant metastases play an increasingly important role in impairing the overall survival of patients with CRC. The molecular mechanisms underlying the invasive behaviors of CRC urgently need to be elucidated.

Weinberg's study was inspired by the different tumor incidence rates in different tissues, such as the extreme rarity of heart cancer and skeletal muscle cancer and the high incidence of cancer in the lungs and colon, and both gene expression profiles of different tissues and molecular experimental results suggest that beta-lactamase-like (LACTB) might be a new factor that could be used for the diagnosis and treatment of cancer.[@CIT0004] LACTB, which is mainly located in the mitochondria, might influence the membrane organization and microcompartmentalization progression of mitochondria, which is related with regulating oxidative phosphorylation and alterations in mitochondrial lipid metabolism.[@CIT0005] This factor, a type of mammalian active-site serine protein expressed in most mammalian tissues, is related to bacterial penicillin-binding B-lactamase proteins, which are endowed with a novel biochemical function in cell progression.[@CIT0005],[@CIT0006] Recent studies have shown that LACTB can play a role as a tumor suppressor in breast cancer, glioma and CRC, and these previous studies focused on the inhibition of CRC invasion and migration by LACTB and revealed that these effects are mediated by regulating the stability of the p53 tumor suppressor pathway.[@CIT0003],[@CIT0006]-[@CIT0008] And recent studies showed that autophagy was associated with the mitochondria under metabolic stress conditions and could regulate cancer development.[@CIT0009],[@CIT0010] So, we want to investigate the relationship between the LACTB and autophagy and what the underlying mechanisms are, such as whether autophagy is induced by LACTB and whether LACTB-induced autophagy modulates EMT and proliferation in CRC cells.

In this study, a microarray analysis suggests that LACTB overexpression can influence cell proliferation and autophagy induction in CRC. The cell cycle is a process with highly regulated, orchestrated steps, and impaired function of its critical gatekeepers will induce abnormally persistent cell proliferation, namely, cancer development.[@CIT0009] Autophagy, which is a type of homeostatic mechanism and a self-degradative process, plays a significant role in the recycling of cellular proteins, organelles and cytoplasmic components for balancing sources of energy and performing quality control in the presence of an insufficient energy supply.[@CIT0009],[@CIT0010] At an appropriate level, autophagy can maintain basic cellular activities and is treated as a defense mechanism that is upregulated when cancer cells are subjected to adverse environmental stimuli during anticancer treatments or under nutrient-deficient conditions.[@CIT0011],[@CIT0012] Because autophagy is linked to mitochondria under hypoxic or metabolic stress conditions, mitophagy can recycle intracellular components to sustain the metabolic demands,[@CIT0013],[@CIT0014] but the function of autophagy in cancer cells remains complex and controversial.[@CIT0015] Numerous studies have revealed that autophagy can decrease the level of destruction and promote apoptosis in cancerous cells to suppress the development of malignant tumors.[@CIT0016],[@CIT0017] However, this process can also provide energy to cancer cells by activating the metabolic stress responses to promote tumor growth, and the levels of autophagic flux in distant metastases differ from those in primary tumors.[@CIT0018]--[@CIT0020] The transformation of autophagy between carcinogenic and suppressor states is manifested in the modulation of metabolism and cytokines,[@CIT0021]--[@CIT0023] but the role of autophagy in regulating the migration and invasion of CRC cells remains controversial. The Rho family of small GTPases and downstream signaling molecules, which are key factors of membrane protrusion and cytoskeletal remodeling that influence different patterns of migration, could be controlled by autophagy.[@CIT0027] Autophagy can also regulate EMT by influencing the levels of individual factors, such as ATP, AMKP and phosphatidylinositol-3-kinase (PI3K).[@CIT0023] The studies conducted by Li and Zhu have shown that the energy provided by autophagy can promote the invasion of cancer cells by inducing EMT in hepatocellular carcinoma and pancreatic cancer.[@CIT0024],[@CIT0025]

In the present study, we investigated the capacity of LACTB to induce autophagy in CRC and explored the effects of LACTB on CRC cell autophagy, EMT and proliferation both in vitro and in vivo. We further identified whether LACTB modulates EMT and proliferation of CRC cells by regulating autophagy and elucidated the mechanism underlying the LACTB-mediated induction of autophagy by mainly focusing on the PI3K/AKT/mTOR signaling pathway.

Materials and Methods {#S0002}
=====================

Patients and Tissue Samples {#S0002-S2001}
---------------------------

In our study, 80 paired CRC and adjacent nontumor tissue samples were acquired from CRC patients who underwent surgery between January 2017 and July 2019 at our hospital. These patients included 48 males and 32 females with a mean age of 55.3±8.8 years.The detail clinical data of patients were described in [Table 1](#T0001){ref-type="table"}. None of the patients had received standard chemotherapy prior to surgery, and all the patient tissue samples were pathologically confirmed to be CRC tissue. The study was approved by the Ethics Committee of Renji Hospital, School of Medicine, Shanghai Jiaotong University, and all the samples were obtained with informed consent provided by the patients prior to their participation.Table 1The Correlation of LACTB Expression and Clinical Characteristics in CRC Patients (n = 80)ClinicopathologicTotalLACTB Expression^a^p valueParameters(n =80)HighLown=41n=39Gender Male4821270.273 Female322012Age ≤602813150.527 \>60522824BMI ≤256430340.117 \>2516115Tumor location Colon4524210.673 Rectum351718Tumor size (cm) ≤54725220.678 \>5331617Pathological T stage T1-T219172\<0.001\*\*\* T3-T4612437Lymph node metastasis N043376\<0.001\*\*\* N1--237433Distant metastasis M07240320.021\* M1817TNM stage I--II41356\<0.001\*\*\* III--IV39633Differentiation Well111010.005\*\* Moderate&Poor693138[^1]

Analyses of LACTB Expression Based on TCGA Databases {#S0002-S2002}
----------------------------------------------------

A total of 438 cases of colon cancer and 159 cases of rectal cancer were provided by TCGA project. Based on the expression value of LACTB, the cohort obtained after merging the colon and rectal cancer cases was classified into a high-expression group and a low-expression group (cut-off = 50%). Box plots were generated to compare the LACTB expression level between the tumor and normal tissues of patients with CRC and to identify the features of LACTB expression at different pathological stages. A tool named The Human Protein Atlas, which is an interactive web server for analyzing the RNA sequencing expression data from TCGA projects, was used for batch processing and visualization of TCGA data in this study.

Cell Culture {#S0002-S2003}
------------

The human CRC cell lines LOVO, SW480 and HCT116 were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). All the cells were cultured in RPMI 1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA) and 100 U/mL penicillin/streptomycin (HyClone, Shanghai, China) under standard conditions at 37°C in an atmosphere containing 5% CO~2~. The cells were used in the experiments once they reached the logarithmic phase of growth. For the induction and inhibition of autophagy, the cells were treated with 250 nM Torin 1 (Sigma-Aldrich, MO, USA) and 2 μM MHY1485 (Sigma-Aldrich, Missouri, USA), respectively, and to regulate PI3K activity, the cells were treated with 150 nM wortmannin (Sigma-Aldrich, MO, USA) and 50 μg/mL 740Y-P (Cayman, MI, USA).

Immunohistochemistry (IHC) {#S0002-S2004}
--------------------------

Tissue samples embedded in paraffin were cut into 5-µm sections, and the sections were dewaxed in Bioclear (Bio-Optica, Milan, Italy) and rehydrated in decreasing concentrations of ethanol. The paraffin-embedded sections were pretreated in 0.01 M citrate buffer in a microwave oven. Normal horse serum was used as a blocking agent. The sections were incubated with a primary antibody against LACTB (1:200, CST, USA) overnight at 4°C, washed three times, exposed to the appropriate secondary antibody for 30 min at 20°C and visualized with DAB/H2O2 (DAKO, Shanghai, China). The sections were subsequently counterstained with hematoxylin and washed. The degree of antigen expression was scored based on the staining intensity (0, no staining; 1, weak staining; 2, moderate staining; and 3, strong staining) and proportion (0, no cells stained; 1+, \<10% cells showing positive staining; 2+, 10--50% cells showing positive staining; and 3+, \>50% cells showing positive staining). The final scores for the IHC images were graded using a four-point scale, which was defined as follows: no positive cells, \<10% positive cells, 10--50% positive cells and \>50% positive cells. The IHC images were examined by two experienced pathologists who were blinded to clinicopathological data, and the final score was evaluated twice.

### Quantitative PCR {#S0002-S2004-S3001}

Total RNA was isolated from tissues and cells using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) on the basis of the manufacturer's protocol. Treating with quantitative PCR, total RNA was reverse-transcribed using a Transcriptor First-Strand cDNA Synthesis Kit (Roche Diagnostics). And then the reaction system was operated in 96-well plates and analyzed with a 7500 Real-Time PCR System and 7500 software. The specific LACTB PCR primers were following: 5ʹ-GTGGTTGGAGTTTCTGTAGATGGAA-3ʹ (forward), 5ʹ-AGTAATCTTGTTGTGACAGAAACCT-3ʹ (reverse). All of PCR reactions have duplicated the third time. Significant differences were indicated by a P value \<0.05.

Western Blotting {#S0002-S2005}
----------------

In our study, total protein was extracted with lysis buffer (50 mM Tris-HCl, pH 6.8, 150 mM NaCl, 0.5% sodium deoxycholate, and 1% NP-40), and the supernatant was then collected by centrifugation. Equal amounts of protein were separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 5% nonfat milk in TBS containing 0.05% Tween-20 (TBST), incubated with primary antibodies overnight at 4°C, washed with TBST, and incubated with the secondary antibody (DyLight 488-conjugated mouse anti-rabbit IgG; 1:5000). Protein expression was then detected using an ECL detection reagent (Proteintech, Hubei, China). In this analysis, the following primary antibodies were used: anti-LACTB, anti-E-cadherin, anti-vimentin, anti-N-cadherin, anti-Twist1, anti-PI3K, anti-PIK3R3, anti-AKT, anti-p-AKT, anti-mTOR, anti-4E-BP1, anti-LC3, anti-P62, anti-C-Myc, anti-cyclinD1, and anti-ULK1 (Cell Signaling Technology, USA). An anti-β-actin antibody (Santa Cruz Biotechnology, USA) was used as a loading control.

Coimmunoprecipitation {#S0002-S2006}
---------------------

CRC cells were lysed in lysis buffer for coimmunoprecipitation assays, and immunoprecipitation was performed using lysates incubated with the indicated antibodies overnight at 4°C and pulled down with magnetic protein A/G beads (Thermo Scientific, USA). After extensive washes in accordance to the manufacturer's instructions, the antibody-bound proteins were eluted in loading buffer, and the pulled-down protein lysates were analyzed by Western blotting.^26^ The following primary antibodies were used: anti-LACTB (1:100, CST, USA) and anti-PIK3R3 (1:100, CST, USA).

Synthetic Lentiviral Transfection {#S0002-S2007}
---------------------------------

The LACTB-shRNA vector sequence was 5ʹ-GCTTTGTATAAAGTGGAGATT-3ʹ, whereas a control shRNA was synthesized using a scrambled sequence. LACTB (LV-LACTB-shRNA-puromycin) knockdown using shRNA and LACTB (LV-LACTB-puromycin) overexpression by a lentiviral carrier were performed using reagents obtained from Shanghai GeneChem Co., Ltd. (China). The PIK3R3-shRNA vector sequence was 5ʹ-GGGAGGAGGTAAATGACAAAT-3ʹ, whereas a control shRNA was synthesized using a scrambled sequence. PIK3R3 (LV- PIK3R3-shRNA-puromycin) knockdown using shRNA and PIK3R3 (LV- PIK3R3-puromycin) overexpression by a lentiviral carrier were performed with reagents obtained from Shanghai GeneChem Co., Ltd. (China). Three cell lines were seeded in six-well plates for 24 h prior to lentiviral transduction and cultured until they reached 70--80% subconfluency. LV-LACTB-shRNA-puromycin was used for the transduction of LOVO cells at a multiplicity of infection (MOI) of 20 using polybrene (5 µg/mL), which enhanced the infection efficiency (GeneChem, China). In contrast, HCT116 and SW480 cells were transfected with LV-LACTB-puromycin at an MOI of 10 (HCT116) and 30 (SW480). The negative control puromycin-LV (GeneChem, China) was then used to identify the underlying influence of the viral vector. After 12 to 24 h of incubation, the medium was removed, and fresh medium was added. After 48 h of incubation, the appropriate concentrations of puromycin were added to the cell cultures to select cells stably over-expression or knockdown LACTB after the cell transfection with approximately 85% efficiency. We then utilized these selected cells for protein and mRNA analyses and other assays.

Cell Proliferation, Invasion and Migration Assays {#S0002-S2008}
-------------------------------------------------

First, CRC cells were seeded in 96-well plates at a density of 20,000 cells per well. After transfection as previously described and 0, 24, 36, 48, 72 or 96 h after treatment, 20 μL of MTT dye solution (5 mg/mL, Sigma, NY, USA) was added to each well. After incubation for another 4 h, 150 μL of DMSO was added to each well. The optical density (OD) was measured at 490 nm. For the invasion and migration assays, 1 × 10^5^ cells were cultured in the upper chamber of a 24-well plate in serum-free medium, whereas the bottom chamber was supplemented with complete medium. After 24 h of culture, the migrated cells were washed, fixed, and stained with 0.1% crystal violet for 10 min. Representative images were captured under a light microscope. In addition, cell invasion was similarly detected based on the addition of inserts precoated with Matrigel (BD Biosciences, USA), which can mimic invasion-triggering circumstances. All of these assays were performed using at least three independent experiments.

Colony Formation Assay {#S0002-S2009}
----------------------

Initially, the cells were seeded in 10-cm Petri dishes (500 cells/well) and cultured for 2 weeks. After this time, the colonies were washed, fixed in 4% formaldehyde for 15 min and then stained with 0.1% crystal violet for 15 min. The violet-stained colonies were counted and captured. This experiment was repeated at least three times for each cell line.

Cell Immunofluorescence and Confocal Microscopy {#S0002-S2010}
-----------------------------------------------

In brief, the cells were homogeneously cultured on six-well coverslips to 50%-80% confluency, immobilized with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100 (Beyotime, Zhenjiang, Jiangsu, China) and then blocked with 10% goat serum at 37°C for 30 min. Primary anti-LC3 (1:300 dilution; Cell Signaling Technology, USA) and anti-E-catenin (1:300 dilution; Cell Signaling Technology, USA) antibodies were added to the coverslips, and the coverslips were then incubated overnight at 4°C. The coverslips were washed in PBS, and the corresponding secondary antibody (SA00009-2Cy3-goat anti-rabbit IgG for LC3 and E-catenin, Proteintech) was incubated with the coverslips for 2 h in the dark. The nuclei were stained with DAPI for 10 min, which resulted in the manifestation of a blue color, and a confocal microscope was used to acquire images (400×).

RNA-Seq {#S0002-S2011}
-------

RNA was extracted using the Pure Link RNA Mini Kit (Ambion; Foster City, CA, USA) according to the manufacturer's instructions, and its quality was assessed based on the minimum concentration and size range. The cDNA libraries were established using the TruSeq Total Stranded RNA with RiboZero Kit (Ambion, Set-A) and quantified using the Qubit System (Invitrogen; Carlsbad, CA, USA), and the quality and size were assessed using the Experion DNA 1 K Chip (Bio-Rad; Hercules, CA, USA). All the samples surpassed the quality control standards of minimum concentration and RNA quality indicator \> 9, as demonstrated by discrete 18S and 28S bands. The library of *n* = 6 pooled samples was sequenced using the NextSeq 500 High Output Kit (300 cycles, paired-end 100 bp) with the Illumina NextSeq 500 platform (Illumina; San Diego, CA, USA). The sequenced reads and Fastq sequence files were used to align reads to the reference genome USCS-GRCm38/mm10 in the RNA-Seq Alignment Application using STAR aligner with the Illumina Cloud Computing Platform. The fragments per kilobase of transcript per million mapped reads (FPKM) values of the reference genes and transcripts were generated using Cufflinks 2.

Transmission Electron Microscopy (TEM) {#S0002-S2012}
--------------------------------------

According to standard protocols, the cells were exposed to RF-EMFs (1, 2, or 4 W/kg) for 24 h, harvested, washed with PBS and then fixed at room temperature with glutaraldehyde followed by osmium tetroxide. The cells were then washed, dehydrated, embedded in paraffin and cut into 70-nm-thick sections using an Ultrathin microtome (Leica EM UC6; Leica Microsystems, Wetzlar and Mannheim, Germany), and the sections were stained with uranyl acetate-lead citrate. The stained sections were prepared for examination with an electron microscope (JEM1230, JEOL Ltd., Tokyo, Japan) to detect autophagic vacuoles.

Tumor Xenograft Study {#S0002-S2013}
---------------------

Animal studies were performed in line with the rules for the care and use of laboratory animals from the National Academy of Sciences. Animal experiments were approved by Institutional Animal Care and Use Committee of Shanghai jiaotong University (Approval No. 2019040112). For in vivo tumorigenesis assays, 0.5 mL of basal medium containing approximately 1 × 10^6^ CRC cells that were equivalently transfected with either a lentivirus encoding LACTB-shRNA or a lentivirus encoding Control-shRNA was injected subcutaneously into the left flank of 4-week-old immunodeficient BALB/c male nude mice. During the tumor-formation period, the tumor volume was measured every week and calculated using the formula V (mm^3^) = length×width^2^/2. The mice were then anesthetized and ethically euthanized. All the mouse experiments were performed in accordance with internationally recognized guidelines.

Statistical Analyses {#S0002-S2014}
--------------------

Prism 5 (GraphPad Software, San Diego, CA, USA) was used to analyze the data, and all the results are presented as the mean ± standard error of the mean (SEM). A two-tailed unpaired *t*-test was used to compare two groups. Unless otherwise indicated, p\<0.05 and p\<0.01, which are denoted by single (\*) and double (\*\*) asterisks, respectively, were considered statistically significant. Statistical analysis was performed with SPSS version 17.0. Survival curves were plotted according to the Kaplan--Meier method, and the Log rank test was used to compare the overall survival (OS).

Results {#S0003}
=======

The Level of LACTB Is Lower in CRC Tissue Than in Nonmalignant Tissue {#S0003-S2001}
---------------------------------------------------------------------

To investigate the functional roles of LACTB in CRC, we analyze the LACTB expression levels from TCGA data showed that the LACTB mRNA levels were lower in the CRC tissue samples than in the nonmalignant tissue samples ([Figure 1A](#F0001){ref-type="fig"}). The qRT-PCR analysis showed that LACTB expression was lower in CRC tissues compared with nonmalignant tissues ([Figure 1B](#F0001){ref-type="fig"}), and the analysis of the LACTB protein levels in CRC samples detected by Western blotting yielded the same results ([Figure 1C](#F0001){ref-type="fig"}). Statistical analysis revealed that decreased LACTB expression was significantly associated with T stage, local lymph node metastasis, distant metastasis, advanced clinical stage and worse differentiation in CRC using our q-PCR data (p \< 0.05) ([Table 1](#T0001){ref-type="table"}). In addition, we screened the LACTB expression levels in 80 randomly selected CRC patients, and our IHC results revealed that LACTB expression in the cytoplasm was lower in CRC tissue sections than in nonmalignant tissue sections ([Figure 1D](#F0001){ref-type="fig"}). To study the biological function of LACTB in CRC, we compared the LACTB expression levels among three CRC cell lines, namely, HCT116, SW480 and LOVO cells, which were used as our cellular models. The results revealed that LOVO cells exhibited high LACTB expression, whereas the other two cell lines showed relatively low expression of LACTB ([Figure 1E](#F0001){ref-type="fig"}). A Kaplan--Meier analysis of CRC patients was also conducted, and TCGA data revealed that the LACTB-high group exhibited significantly improved OS ([Figure 1F](#F0001){ref-type="fig"}) (p \< 0.05).Figure 1LACTB expression in CRC tissues is low and could promote the overall survival of CRC patients. (**A**) The analysis of the LACTB mRNA levels in CRC tissues and paired noncancerous tissues from TCGA revealed that these levels were significantly decreased in CRC tissues, as demonstrated by the Mann--Whitney *U*-test. (**B**) The LACTB mRNA expression levels in 80 CRC tissues and paired noncancerous tissues were assessed by qRT-PCR, which showed that LACTB mRNA expression was significantly decreased in CRC tissues, as demonstrated using the 2-ΔΔct method and determined by the Mann--Whitney *U*-test. (**C**) LACTB protein expression in representative samples of CRC tissues and paired adjacent noncancerous tissues. The level of LACTB was downregulated in CRC tissues (\**P*\<0.05), as determined by Log rank test. (**D**) Immunohistochemical staining of LACTB in CRC tissues and normal tissues. The level of LACTB was weaker in CRC tissues than in nonmalignant tissues. (**E**) Levels of LACTB protein expression in three different CRC cell lines. The HCT116 and SW480 cells showed inconspicuous LACTB expression, and strong expression of LACTB was detected in LOVO cells. (**F**) The analysis of TCGA data showed that the CRC patients with high LACTB expression exhibited significantly improved OS as determined by Student's *t*-test (*P*\<0.05).

LACTB Inhibits CRC Cell Proliferation and Colony Formation in vitro {#S0003-S2002}
-------------------------------------------------------------------

To investigate whether LACTB alters the biological characteristics of CRC cells, LOVO, SW480 and HCT116 cells stably expressing ectopic LACTB from a lentiviral vector were established, and the transduced and negative control cells were cultured for 14 days. As expected, the colonies formed by the LACTB-knockdown cells were denser than those formed by the negative control cells, which suggested that LACTB upregulation weakened the ability of cancer cells to form colonies ([Figure 2A](#F0002){ref-type="fig"}--[C](#F0002){ref-type="fig"}) (p \< 0.05). Moreover, the proliferation of these cells was examined through MTT assays. The results showed that the proliferative capacity of LOVO cells with suppressed LACTB expression was higher than that of control LOVO cells; however, overexpression of LACTB in HCT116 or SW480 cells led to a decline in the proliferative ability of these cells ([Figure 2D](#F0002){ref-type="fig"}--[F](#F0002){ref-type="fig"}) (p \< 0.05).Figure 2LACTB inhibits CRC cell proliferation and colony formation in vitro. (**A**--**C**) The colonies formed by the LACTB-knockdown cells were denser than those formed by the negative control cells, which suggests that LACTB upregulation weakens the ability of cancer cells to form colonies (\**P*\<0.05), as determined by Student's *t*-test. (**D**--**F**) The MTT assay showed that the proliferative capacity of LOVO cells with suppressed LACTB expression was higher than that of control LOVO cells; however, the overexpression of LACTB in HCT116 or SW480 cells led to a decline in the proliferative ability of these cells (\*P\<0.05), as determined by Student's *t*-test.

LACTB Inhibits EMT and Promotes Autophagy in CRC {#S0003-S2003}
------------------------------------------------

The SW480 and HCT116 cell lines manifested relatively low endogenous LACTB expression, and the treatment of both cell lines with a LACTB-overexpressing lentivirus inhibited EMT. Cancer cells undergoing the EMT process are characterized by changes in the expression of classic EMT markers, including a decrease in the level of the cell-cell contact factor E-cadherin and increases in the expression of the transcription factor Twist1 and the mesenchymal markers vimentin and N-cadherin.[@CIT0005] Immunofluorescence and Western blotting assays revealed that E-cadherin expression was enhanced in LACTB-overexpressing SW480 and HCT116 cells and dysregulated in LACTB-knockdown LOVO cells compared with that in control cells transfected with a nonspecific lentivirus. In contrast, the opposite trend was obtained for N-cadherin, vimentin, C-Myc, CyclinD1 and Twist1 expression in these groups of cells ([Figure 3A](#F0003){ref-type="fig"}--[C](#F0003){ref-type="fig"}, [Figure 4A](#F0004){ref-type="fig"}--[C](#F0004){ref-type="fig"}). These factors exhibited upregulated expression in LACTB-silenced LOVO cells, which indicates that LACTB plays a significant role in mediating EMT in CRC.Figure 3LACTB inhibits EMT and promotes autophagy in CRC, as demonstrated by immunofluorescence. (**A**--**C**) Immunofluorescence results revealed that E-cadherin expression was enhanced in LACTB-overexpressing SW480 and HCT116 cell lines and dysregulated in LACTB-knockdown LOVO cells compared with control cells transfected with a nonspecific lentivirus. The upregulation of LACTB expression in SW480 and HCT116 cells significantly elevated the LC3-II/LC3-I ratio, and the knockdown of LACTB expression in LOVO cells decreased the LC3-II/LC3-I ratio and the E-cadherin level.Figure 4LACTB inhibits EMT and promotes autophagy in CRC, as demonstrated by Western blotting. (**A**--**C**) Western blotting assays revealed that E-cadherin expression was enhanced in LACTB-overexpressing SW480 and HCT116 cell lines and dysregulated in LACTB-knockdown LOVO cells compared with control cells transfected with a nonspecific lentivirus. In contrast, the opposite trend was obtained for N-cadherin, vimentin, C-Myc, CyclinD1 and Twist1 expression in these groups of cells. The upregulation of LACTB expression in SW480 and HCT116 cells significantly elevated the LC3-II/LC3-I ratio and the ULK1 level and decreased the P62 expression level. In contrast, the knockdown of LACTB expression in LOVO cells decreased the LC3-II/LC3-I ratio and the ULK1 level and promoted the expression of P62 (\*P\<0.05), as determined by Student's *t*-test.

Furthermore, a recent study showed that autophagy can promote the survival of isolated dormant cells. However, autophagy can decrease EMT by inhibiting necrosis and the infiltration of prometastatic inflammatory cells, which results in the promotion of dormancy in disseminated cancer cells for extended periods of time. To investigate this phenomenon, we further explored the role of LACTB in CRC cell autophagy. Immunofluorescence and Western blotting assays revealed that the upregulation of LACTB expression in SW480 and HCT116 cells significantly elevated the LC3-II/LC3-I ratio and the Unc51-like autophagy activating kinase-1 (ULK1) level and decreased P62 expression. In contrast, the knockdown of LACTB expression in LOVO cells decreased both the LC3-II/LC3-I ratio and the ULK1 level and promoted the expression of P62 ([Figure 3A](#F0003){ref-type="fig"}--[C](#F0003){ref-type="fig"}, [Figure 4A](#F0004){ref-type="fig"}--[C](#F0004){ref-type="fig"}). The opposite results were found for E-cadherin expression in the transduced cells: high expression in SW480 and HCT116 cells with upregulated LACTB expression and low expression in LACTB-knockdown LOVO cells ([Figure 3A](#F0003){ref-type="fig"}--[C](#F0003){ref-type="fig"}). Additionally, as observed by TEM, autophagosome formation was significantly induced in the SW480 and HCT116 cells transduced with the LACTB-overexpressing constructs, whereas the inhibition of LACTB expression in LOVO cells resulted in decreased formation of autophagosomes ([Figure 5A](#F0005){ref-type="fig"}--[C](#F0005){ref-type="fig"}). In summary, these findings demonstrate that LACTB plays significant roles in EMT and autophagy in CRC.Figure 5Effects of LACTB on autophagosomes in CRC cells. (**A**--**B**) Autophagosomes were observed in CRC cells by TEM. Additionally, in LACTB-overexpressing HCT116 and SW480 cells exhibited higher levels of autophagosomes compared with the control cells. (**C**) The inhibition of LACTB expression in LOVO cells decreased the numbers of autophagosomes. Magnification, 1500× and 5000×.

The Regulatory Effects of LACTB on Autophagy and EMT are Partially Due to the PI3K/AKT Signaling Pathway {#S0003-S2004}
--------------------------------------------------------------------------------------------------------

To understand the underlying molecular mechanisms involved in the inhibition of migration and invasion and the promotion of autophagy by LACTB, we subsequently investigated the differentially expressed genes in LACTB-overexpressing HCT116 cells by a transcriptomic analysis based on RNA‐seq. Compared with the control HCT116 cells, LACTB-overexpressing cells exhibited 2178 differentially expressed genes (p \< 0.05), which included 1464 (67.2%) upregulated and 714 (32.8%) downregulated genes, respectively. In addition, many of the differentially expressed genes were involved in autophagy, and PIK3R3 expression was significantly downregulated in the LACTB-overexpressing cells ([Figure 6A](#F0006){ref-type="fig"}). Coimmunoprecipitation assays showed that LACTB can directly regulate the level of PIK3R3 ([Figure 6B](#F0006){ref-type="fig"}), which is a regulatory subunit of the PI3K complex associated with activation of the PI3K complex and a novel oncogene in many cancers. The PI3K/Akt/mTOR signaling pathway is considered an important mechanism in the regulation of autophagy.[@CIT0022] Based on the above-described results, we hypothesized that LACTB mediates autophagy to affect the tumor characteristics of CRC cells and that this activity partially inhibits the activation of the PI3K/Akt/mTOR signaling pathway. We evaluated the expression of PIK3R3 and PI3K in the three cell lines, and Western blotting results indicated that PIK3R3 and PI3K expression was significantly decreased in the two LACTB-overexpressing cell lines compared with the LACTB-knockdown LOVO cells ([Figure 7A](#F0007){ref-type="fig"}--[C](#F0007){ref-type="fig"}). Simultaneously, LACTB overexpression decreased the levels of p-AKT and mTOR and increased the expression of 4E-BP1, and LACTB-silenced LOVO cells showed increased levels of these proteins but low 4E-BP1 expression ([Figure 7A](#F0007){ref-type="fig"}--[C](#F0007){ref-type="fig"}).Figure 6LACTB can regulate the level of PIK3R3 to influence cancer development. (**A**) The RNA‐seq-based analysis showed that the LACTB-overexpressing SW480 cells exhibited 2178 differentially expressed genes (p \< 0.05), including 1464 (67.2%) upregulated and 714 (32.8%) downregulated cells, compared with the control SW480 cells. (**B**) Coimmunoprecipitation assays indicated that LACTB can directly regulate the level of PIK3R3.Figure 7The regulatory effects of LACTB on autophagy and EMT are partially due to the PI3K/AKT signaling pathway. (**A**--**C**) Western blotting showed that PIK3R3 and PI3K expression was clearly decreased in the two LACTB-overexpressing cell lines compared with the control cell lines, whereas the LACTB-knockdown LOVO cells showed high PIK3R3 and PI3K expression. Simultaneously, the levels of p-AKT and mTOR were decreased after LACTB overexpression, and the LACTB-silenced LOVO cells showed increased levels of these proteins. In addition, 4E-BP1 exhibited adverse outcomes (\*P\<0.05), as determined by Student's *t*-test.

Although the tumor suppressor function of LACTB is specific, further investigation is urgently needed to elucidate the mechanism. As expected, LACTB-shRNA stimulated a cascade of events that led to the upregulation of PIK3R3 expression, which induced the activation of PI3K. Thus, PI3K expression was increased and blocked in stable PIK3R3-overexpressing and PIK3R3-knockdown cell lines, respectively, and these changes affected PI3K, AKT, p-AKT and mTOR expression, as demonstrated by Western blotting ([Figure 8A](#F0008){ref-type="fig"}--[C](#F0007){ref-type="fig"}). The results showed that LACTB-overexpressing SW480 and HCT116 cells exhibited increased levels of PI3K, p-AKT and mTOR after the induction of PIK3R3 overexpression, but these levels were reduced in LACTB-knockdown LOVO cells after PIK3R3 silencing ([Figure 8A](#F0008){ref-type="fig"}--[C](#F0008){ref-type="fig"}). In addition, the LC3-II/LC3-I expression ratio was decreased in LACTB-overexpressing SW480 and HCT116 cells overexpressing PIK3R3, but the levels of P62, C-Myc and cyclinD1 were increased in these cells ([Figure 8A](#F0008){ref-type="fig"}--[C](#F0008){ref-type="fig"}). Additionally, PIK3R3 silencing inhibited the PI3K/AKT/mTOR signaling pathway, leading to reduced expression of PI3K, p-AKT and mTOR. In contrast, the LC3-II/LC3-I expression ratio was augmented after PIK3R3 silencing, which resulted in suppression of the PI3K/AKT/mTOR signaling pathway and thereby the induction of autophagy, as demonstrated by a decreased level of the negative autophagy marker P62. In addition, the inhibition of proliferation decreased the levels of C-Myc and cyclinD1 ([Figure 8A](#F0008){ref-type="fig"}--[C](#F0008){ref-type="fig"}). As mentioned above, we conclude that the regulatory effects of LACTB on autophagy can be partially attributed to the PI3K/AKT/mTOR signaling pathway via regulation of the level of PIK3R3.Figure 8The regulatory effects of LACTB on autophagy can be partially attributed to the PI3K/AKT/mTOR signaling pathway via regulation of the level of PIK3R3. (**A**--**C**) PI3K expression was increased and blocked in stable PIK3R3-overexpressing and PIK3R3-knockdown cell lines, respectively, and these changes affected the expression of PI3K, AKT, p-AKT and mTOR, as observed by Western blotting. Additionally, PIK3R3 silencing inhibited the PI3K/AKT/mTOR signaling pathway, which lead to reduced expression of PI3K, p-AKT and mTOR. In contrast, the LC3-II/LC3-I expression ratio was augmented after PIK3R3 silencing, and this enhancement resulted in suppression of the PI3K/AKT/mTOR signaling pathway and thereby the induction of autophagy, as demonstrated by a decreased level of the negative autophagy marker P62. In addition, decreased levels of C-Myc and cyclinD1 resulted in the inhibition of proliferation (\**P*\<0.05), as determined by Student's *t*-test.

LACTB Can Mediate EMT and Proliferation of CRC Cells by Regulating Autophagy {#S0003-S2005}
----------------------------------------------------------------------------

To confirm the inhibitory function of autophagy in cancer cell development, we analyzed the migration and invasion of CRC cells transduced with LACTB-overexpression or LACTB-knockdown constructs. Our previous results demonstrated that LACTB can promote autophagy in CRC cells via the PI3K/AKT/mTOR signaling pathway. Additionally, we questioned whether LACTB can suppress EMT by promoting autophagic activity, and whether LACTB can regulate autophagy to influence EMT in CRC remains to be evaluated. Thus, we applied MHY1485, an autophagy inhibitor (mTOR promoter), and the activator Torin 1 (mTOR inhibitor) to cells exhibiting stable LACTB overexpression or knockdown and evaluated the expression of LC3, P62 and Twist1. The results showed that LACTB-overexpressing SW480 and HCT116 cells exhibited increased expression levels of P62 and Twist1 after treatment with the autophagy inhibitor MHY1485, but these levels were reduced in LACTB-knockdown LOVO cells treated with the autophagy activator Torin 1 ([Figure 9A](#F0009){ref-type="fig"}--[C](#F0009){ref-type="fig"}). In addition, the LC3-II/LC3-I expression ratio was decreased in LACTB-overexpressing SW480 and HCT116 cells following MHY1485 treatment, but this ratio was increased in LACTB-knockdown LOVO cells treated with Torin 1 ([Figure 9A](#F0009){ref-type="fig"}--[C](#F0009){ref-type="fig"}). The inhibition of autophagy is associated with an increased level of P62, which prevents the degradation of Twist1. Transwell assays revealed that cell migration and invasion were promoted by the attenuation of autophagy in LACTB-overexpressing SW480 and HCT116 cells treated with the autophagy inhibitor MHY1485, whereas LOVO-knockdown cells treated with the autophagy activator Torin 1 showed poor cell migration and invasion abilities ([Figure 9D](#F0009){ref-type="fig"}). These findings demonstrate that autophagy can partially inhibit the migration and invasion of CRC cells, and this effect can be partly attributed to the PI3K/AKT/mTOR signaling pathway.Figure 9LACTB can mediate EMT and proliferation of CRC cells by regulating autophagy. (**A**--**C**) The results showed that LACTB-overexpressing SW480 and HCT116 cells exhibited increased expression levels of P62 and Twist1 after treatment with the autophagy inhibitor MHY1485, but these levels were reduced in LACTB-knockdown LOVO cells treated with the autophagy activator Torin1. In addition, the LC3-II/LC3-I expression ratio was decreased in LACTB-overexpressing SW480 and HCT116 cells following MHY1485 treatment, but this ratio was increased in LACTB-knockdown LOVO cells treated with Torin1. The inhibition of autophagy is associated with an increased level of P62, which prevents the degradation of Twist1 (\**P*\<0.05), as determined by Student's *t*-test. (**D**) Transwell assays revealed that cell migration and invasion were promoted after the attenuation of autophagy in LACTB-overexpressing SW480 and HCT116 cells treated with the autophagy inhibitor MHY1485, whereas LOVO-knockdown cells treated with the autophagy activator Torin1 showed poor cell migration and invasion abilities.

LACTB Modulates CRC Tumorigenesis in vivo {#S0003-S2006}
-----------------------------------------

To explore the effects of the tumor suppressor role of LACTB on tumor growth in vivo, we constructed a tumor xenograft model. Untreated control LOVO, SW480 or HCT116 cells or those transduced with LACTB-shRNA or the LACTB-overexpression vectors (1 × 10^6^) were injected into the left flank of nude mice. The tumor size was measured weekly using calipers. At 8 weeks postinoculation, the mice were euthanized. The sizes of the tumors generated from the corresponding untransduced control cells were enhanced compared with those of the tumors derived from LACTB-overexpressing cells, whereas the tumors generated from LACTB-silenced cells exhibited a considerable increase in tumor volume compared with those generated from the corresponding control cells. Additionally, the trend obtained for the tumor weight was similar to that found for the tumor volume ([Figure 10](#F0010){ref-type="fig"}). In conclusion, these data are consistent with the results from the in vitro cell proliferation assay and indicate that LACTB is associated with CRC progression and tumorigenesis in vivo (p \< 0.05 or p \< 0.01).Figure 10LACTB modulates CRC tumorigenesis in vivo. (**A**--**C**) We constructed a tumor xenograft model. Untreated control LOVO, SW480 or HCT116 cells or those transduced with LACTB-shRNA or the LACTB-overexpression vectors (1 × 10^6^) were injected into the left flank of nude mice. The sizes of the tumors generated from the corresponding untransduced control cells were enhanced compared with those of the tumors derived from LACTB-overexpressing cells, whereas the tumors generated from LACTB-silenced cells exhibited a considerable increase in volume compared with those from the corresponding control cells. Furthermore, as a consequence of these effects in the tumor volume, a similar trend was obtained for the tumor weight (\**P*\<0.05), as determined by Student's *t*-test.

Discussion {#S0004}
==========

CRC is a common aggressive malignancy, and novel sensitive and specific diagnostic molecular biomarkers and therapeutic targets are urgently needed.[@CIT0027] LACTB reportedly exerts strong tumor-suppressive effects and can decrease CRC progression by attenuating the ubiquitination of MDM2 and p53.[@CIT0028],[@CIT0029] LACTB and autophagy were revealed to play a significant role during tumour development and energy metabolism, we want to investigate the relationship between the LACTB and autophagy and what the underlying mechanisms are. In this study, we provide the first demonstration that autophagy was induced in CRC cells by LACTB and that autophagy positively contributed to the inhibition of cell EMT and proliferation both in vitro and in vivo. In addition, the induction of autophagy by LACTB was dependent on the activation of the PI3K/AKT/mTOR signaling pathway via regulation of the PIK3R3 level. These results demonstrate that autophagy induction plays significant roles in cell EMT and the inhibitory effect of LACTB on CRC cell proliferation, and these findings might provide a novel point of view for understanding the mechanism through which LACTB suppresses cancer development.

Autophagy, which is a lysosomal degradation pathway that leads to the degradation and recycling of intracellular proteins and organelles to provide hydrolytic enzymes, occurs when cells cannot obtain sufficient nutrients from the extracellular milieu to sustain ATP production and biosynthesis.[@CIT0030],[@CIT0031] Recent studies have shown that autophagy can not only inhibit primary tumor growth but also protect cancer cells at advanced stages of the disease against chemotherapy or radiotherapy.[@CIT0032],[@CIT0033] The upregulation of LACTB expression observed in treated CRC cells could increase the levels of LC3 and ULK1 and reduce the accumulation of P62/SQSTM1, as demonstrated by our Western blotting results, which indicates that LACTB might promote autophagy in CRC. As a specific autophagosomal biomarker for autophagy induction, LC3 plays a significant role in autophagosome biosynthesis in mammals.[@CIT0034] LC3 is found in two forms in cells, LC3-I and LC3-II: LC3-I is cytosolic and binds to PE to generate LC3-II, which is used to monitor autophagic activity.[@CIT0035] P62 can take part in meditating the transport of protein aggregates and damaged organelles,[@CIT0036] and it can also interact with LC3 and localize to the outer surface of autophagosomes; as a result, P62 can be treated as a significant marker of autophagic proteins and autophagolysosomal activity.[@CIT0037] Furthermore, P62 can induce increased oxidative stress and mitochondrial damage, and insufficient P62 degradation is accompanied by defective autophagy.[@CIT0038] As a serine/threonine protein kinase, ULK1 can form a complex with both FIP200 and Atg13, and this complex plays a critical role in inducing autophagy and functions as a downstream target of mTOR because mTOR phosphorylates ULK1 at Ser 757 to inhibit ULK1 activation to mediate autophagy.[@CIT0039]

EMT is widely considered a significant physiological process that regulates the initial steps in the invasion and migration of cancer cells.[@CIT0040] This process can be followed by monitoring the levels of some EMT-associated markers, and among these, Snail1, Snail2 and Twist1 are known to repress E-cadherin expression in epithelial cells undergoing EMT and increase the levels of N-cadherin and vimentin.[@CIT0041],[@CIT0042] Recent studies have shown that an intricate relationship exists between autophagy and EMT in cancer.[@CIT0041] Autophagy is thought to protect tumor initiation by limiting genome instability and decreasing the accumulation of damaged organelles and proteins.[@CIT0043] In addition, cancer cells can utilize autophagy to promote their metastasis in a hypoxic and stressful microenvironment; specifically, these cells exploit autophagy to provide energy to cancer cells that exhibit activated metabolic stress responses and to thus allow their escape from the physiological responses to cancer and therapy.[@CIT0044] On the one hand, autophagy can increase metastasis via anoikis resistance and defends the survival of isolated dormant cells, and on the other hand, autophagy can decrease EMT by inhibiting necrosis and the infiltration of prometastatic inflammatory cells, which promotes the dormancy of disseminated cancer cells for extended periods of time.[@CIT0045] Recent studies have indicated that increasing the levels of the autophagic machinery inhibits the EMT phenotype by degrading key EMT molecular markers.[@CIT0046] In this study, we explored the molecular and cellular functions of LACTB in regulating EMT and autophagy, and the results showed that the level of Twist1 was upregulated in CRC cells by the silencing of LACTB and was decreased by LACTB overexpression. The level of Twist1 could be upregulated by treatment with the mTOR promoter MHY1485, and this treatment inhibited cell autophagy.[@CIT0046] The mTOR inhibitor Torin1 can promote autophagy but decrease the level of Twist1, which can increase the level of E-cadherin.[@CIT0047] The results related to the Twist1 and autophagy levels revealed that LACTB might inhibit EMT by promoting autophagy in CRC cells. Under autophagy-deficient conditions, accumulation of the selective autophagy receptor P62 is directly linked to tumorigenesis and the subsequent ubiquitination of Twist1, which promotes Twist1 stabilization.[@CIT0048] Twist1 can be removed through both autophagy and proteasomal degradation.[@CIT0049] However, in autophagy-deficient cells, the degradation of Twist1 by the autophagosome is inhibited by its steady protection mediated by the accumulation of P62,[@CIT0050] which supports an important role for autophagy in EMT repression.

The p110 protein, which is a significant subunit of PI3K, is a heterodimeric protein with a regulatory subunit and a catalytic subunit.[@CIT0051] The regulatory subunit is regulated by a variety of genes, such as PIK3R2 and PIK3R3, and our results demonstrated that LACTB can inhibit the expression of PIK3R3, which can bind to the p110 catalytic subunit through the iSH2 domain, and its unique NH2 terminus can directly bind to key proteins in cell cycle regulation.[@CIT0052],[@CIT0053] Phosphorylation mediated by PI3K transforms PIP2 into PIP3, and PIP3 can promote the phosphorylation of Ser308 and 473 of AKT.[@CIT0054] In addition, phosphorylated AKT (p-Akt) can inhibit TSC2 and TSC to activate mTOR,[@CIT0055] and mTOR can induce mRNA translation by phosphorylating S6K and then p70S6K to increase the adhesion of ribosomes to the endoplasmic reticulum and thereby inhibit both the formation of autophagic membranes and autophagy activity.[@CIT0056],[@CIT0057] The corresponding results from our study showed that LACTB might inhibit the level of PIK3R3 to reduce the levels of PI3K, p-AKT and mTOR and thereby promote autophagy.

To clarify the role of LACTB in regulating CRC proliferation, we tested the levels of 4E-BP1, C-Myc and cyclinD1, and the results showed that LACTB upregulation decreased the cyclinD1 level but increased the 4E-BP1 level. CyclinD1 plays a crucial role in regulating the cell cycle, and it can combine with CDK4 or CDK6 and translocate from the cytoplasm to the nucleus, which promotes progression from the G1 phase to the S phase to accelerate cell proliferation.[@CIT0058],[@CIT0059] A previous study demonstrated that AKT knockdown or inhibition could clearly reduce NF-κB phosphorylation and promote the activation of GSK-3 to decrease the level of CyclinD1.[@CIT0060] 4E-BP1, a downstream molecule, plays a negative but pivotal role in protein translation in cancer cells.[@CIT0061] This protein can be activated by dephosphorylation and binds to eIF4E, and this binding can stop the formation of the cap‐dependent translation initiation complex.[@CIT0062] Increased 4E-BP1 expression is associated with the inhibition of cellular proliferation and elevated cyclin D1 and C-Myc mRNA levels.[@CIT0063] In addition, the functions of 4E-BP1 and eIF4E can be inhibited by increasing mTOR expression.[@CIT0064] Our Western blotting, MTT and colony formation assays showed that LACTB upregulation inhibits CRC proliferation and that LACTB downregulation promotes the opposite outcome. Therefore, LACTB might regulate cell proliferation through the PI3K/AKT/mTOR signaling pathway. Furthermore, the downregulation and upregulation of LACTB contribute to the enhancement and attenuation of CRC growth, respectively, in BALB/c nude mice.

Conclusions {#S0005}
===========

Taken together, our data demonstrate that LACTB can regulate proliferation and autophagy to suppress the development of CRC. Moreover, LACTB silencing inhibits CRC cell autophagy and stimulates the proliferation, invasion, migration and EMT of these cells, whereas the overexpression of LACTB yields the opposite results and enhances autophagy. The stimulatory effects of LACTB on autophagy occur through the upregulation of LC3 expression, the downregulation of P62 expression, and the effects of LACTB on proliferation, as evidenced by the detected changes in the expression levels of 4E-BP1, C-Myc and cyclinD1 through the PI3K/AKT/mTOR signaling pathway. Moreover, LACTB can induce epithelial polarity and cell junction formation and inhibit CRC cell EMT by promoting autophagy. Furthermore, the upregulation of LACTB expression leads to a reduction in xenograft tumor growth in vivo, whereas LACTB downregulation yields the opposite outcome. Therefore, we conclude that LACTB regulates the PIK3R3 level to promote autophagy and inhibit EMT and proliferation, and these effects are partly achieved through the PI3K/AKT/mTOR signaling pathway ([Figure 11](#F0011){ref-type="fig"}). We anticipate that this study will provide a basis for establishing new strategic approaches for the development of effective CRC therapies.Figure 11Schematic diagram of the mechanism through which LACTB inhibits EMT and promotes autophagy in CRC via the PI3K/AKT/mTOR signaling pathway. By overexpressing and silencing LACTB and PIK3R3, we demonstrated that LACTB might negatively regulate PIK3R3 to inhibit cancer development. In addition, LACTB can inhibit EMT by promoting autophagy and decreasing the level of Twist1.
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[^1]: **Notes:** \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001. ^a^Using median H-score values as cutoff.
